Abstract Measurements were performed of K-shell ionization cross sections of Ti element by 10∼30 keV positron impact using the thick-target method. The effects of multiple scattering of incident positron and from bremsstrahlung photons and annihilation photons with the thicktarget method are discussed with the Monte Carlo code PENELOPE. Meanwhile, the Monte Carlo method is also applied to determine the detection efficiencies of X-and γ-ray detectors. Our experimental K-shell ionization cross sections for Ti element are compared with the distorted-wave Born approximation (DWBA) theoretical predictions, and it is found that the agreement of the experimental data and theoretical values is good and this indicates that the experimental method adopted in this study is applicable.
Introduction
Atomic inner-shell ionization cross sections by electron and positron impact in the low energy region are of important significance both in theoretical studies and practical applications [1, 2] . The ionization processes induced by positrons differ from those by electrons. The Coulomb effect caused by the projectile-target nucleus interaction results in an acceleration for electrons but a slowing down for positrons because of their different charges, and the exchange effect, important in the ionization by electron impact, does not exist between the incident positrons and the electrons in the target atoms or molecules. These effects are more pronounced at low energies [3] . On the other hand, these cross section data are needed in numerous fields of applications such as material science, radiation physics, plasma physics and astrophysics. In recent years, the research for antimatter has attracted extensive attention in various disciplines [4, 5] , and the studies on the positron-atom interaction have grown into one of the most active research fields [4,6∼9] . A number of theoretical and experimental studies concerning the atomic inner-shell ionization cross sections by electron impact have been reported [10∼17] . Most recently, we exploited a so-called thick-target method which involved no sample thickness determination or fabrication of thin samples [14∼17] . As for the positron, since the experimental studies for atomic inner-shell ionization cross sections by positron impact were begun in the 1960's, most of them have been performed in the higher incident energy region. Since the 1980's, the slow positron beam technology has been developed rapidly, and some absolute measurements have been made for atomic inner-shell ionization cross sections by positron impact near the threshold energy. But these measurements are very scare in comparison with the electron impact. To our own knowledge, the atomic inner-shell ionization cross sections by positron impact near the threshold energy have been measured only for the K-shell of Cu and Ag elements, L-shell of Ag, In and Sn elements and L 3 shell of Au element.
Compared with the experiments of atomic inner-shell ionization cross sections by electron impact, there exist some specific difficulties for positron-impact ionization measurements. It is known that a positron that slows down to thermal energy in targets will annihilate when it encounters an electron, producing 0.511 MeV γ rays. These photons deposit part of their energy in the semi-conductor X-ray detector by Compton scattering, which enables the acquisition of X-ray spectra with a very high background. Therefore, a detector with a thin sensitive layer is needed to suppress this background [7, 18] . On the other hand, the intensity of positron beam based on a 22 Na source is in general very low, typically, ∼ 10 5 e + /s. In our previous work [14∼17] , the thick-target method has been employed successfully for the measurements of atomic inner-shell ionization cross sections by electron impact. In this study we attempted to extend the thick-target method to the measurements of atomic inner-shell ionization cross sections by positron impact, which has an advantage of effectively increasing the characteristic X-ray count rate and reducing the measurement time.
Experimental method
Our experiment was carried out at the Key Laboratory of Nuclear Analysis Techniques at the Institute of High Energy Physics, CAS. The thick-target method was used, as described in detail in Refs.
[14∼17].
Experimental setup
The slow positron beam experimental setup of the Institute of High Energy Physics, CAS, was used in this experiment. Details of the experimental setup can be found in Refs. [19, 20] . The positron beam energy might be adjusted from 0 keV to 30 keV, and the beam diameter measured by a MCP detector was about 10 mm.
The intensity of the positron beam produced from the radioactive source was only ∼ 10 5 e + /s; as a result, the beam current could not be collected or measured precisely by a traditional Faraday cup and a digital current integrator. In the work of Y. NAGASHIMA et al. [7, 8] , the beam intensity was determined by detecting the annihilation γ rays from a thick target using a HPGe detector. In our experiment we also adopted the same method, and the HPGe detector was placed horizontally at an angle of 90 o to the direction of the incident positron beam. The count rates of the annihilation γ rays were maintained at about 400 cps for the whole energy range.
The high-purity Ti target was tilted by 45 o with respect to the beam direction, the X-ray detector was mounted horizontally, also at an angle of 90 o to the direction of the incident positron beam, to detect the X-rays emitted from the target. As mentioned above, very high backgrounds would come from the deposited part of energy in the X-ray detector of 0.511 MeV γ rays produced by positron annihilations. To decrease these high backgrounds largely, a thin X-ray detector should be used [7, 8, 18] . In the present work, a thermoelectrically cooled Si-PIN detector with a 0.3 mm thick sensitive layer, which was only 1/10 of the sensitive thickness of a conventional Si(Li) detector, was used.
Detection efficiency calculation
The detection efficiencies of the Si-PIN detector and the HPGe detector used in this experiment were determined by Monte Carlo simulations [21, 22] . The Monte Carlo code PENELOPE is used in this paper and its detailed description is given in Ref. [23] . Fig. 1 shows the schematic of our X-and γ-ray detection system for the Monte Carlo simulations. The thermoelectrically cooled Si-PIN detector used in the experiment was of the XR-100CR model, placed 57 mm away from the target surface, and using the parameters given by the manufacturer, i.e., a 25 µm Bewindow, a 0.3 mm detector sensitive layer, and a 7 mm 2 effective detection area, respectively. Before reaching the Si-PIN detector, the X-rays would traverse a 50 µm Be plate 37 mm away from the target. The values of the thickness and diameter of the thick Ti target were 0.5 mm and 15 mm, respectively. The calculated efficiency for the Ti-Kα peak at 4.5 keV was 1.65×10 −4 . If the effects from the Au contact layer and Si dead-layer were taken into account, the calculated efficiency value should be multiplied by ∼0.97.
The dimensions and materials of the HPGe detector were as given by the manufacturer. The HPGe detector was placed 56 mm away from the target surface. The chamber was cylindrical with a 2.5 mm thick steel wall and a 1 mm thick side by milling for detecting γ rays as shown in Fig. 1 . Information regarding the cold finger was not provided by the manufacturer, so we referred to the relevant parameters in the literature [21, 22] , and the copper cold finger with a diameter of 6 mm and a length of 40 mm was used in our simulation. Based on the parameters given above, the detection efficiency for 0.511 MeV γ photon was calculated by the PENELOPE code and the calculated detection efficiency value was 7.95×10 −3 .
Determination of the incident positron number
When the incident positrons impact a thick target, the actual number of positrons annihilating inside the target is less than that of the incident positrons due to the backscattering of incident positrons from the thick target. Therefore, we must determine the relation between the number of the incident positrons and the counts of the annihilation γ rays detected by the HPGe detector. According to the geometry described in Fig. 1 , we performed the Monte Carlo simulations to obtain the number of incident positrons, I 0 , which can be expressed by the following equation:
where N γ is the number of the 0.511 MeV γ photons recorded by the HPGe detector when the positron beam impacts the thick Ti target, and ε is the calculated detection efficiency of the HPGe detector.
Results and discussion
With the methods described above, we measured the K-shell characteristic X-ray yields of the thick Ti target by positron impact in the energy region of 10∼30 keV. The typical experimental X-ray spectra obtained at several incident energies are shown in Fig. 2 . The thick Ti target surface had been polished to avoid the influence of surface roughness [15] . As we had done in our previous work [17] , we also performed the Monte Carlo simulations to assess the effects of the multiple scattering of incident positrons and contributions from the bremsstrahlung and annihilation photons and other secondary particles, and the results showed that the effects mentioned above could be indeed ignored in the energy region of interest here. Fig.2 The experimental X-ray spectra for the thick Ti target by positron impact at several incident energies
In Fig. 3 , the characteristic Kα X-ray yields for the Ti thick target obtained by our experiment are compared with the theoretical values based on the DWBA model [24] which have been normalized to our experimental values. From Fig. 3 , we can see that the shape of the experimental data obtained in this study is in good agreement with the theoretical results in the energy range of less than 20 keV. However, with incident energies increasing, the experimental X-ray yields are obviously lower than the theoretical values, and large fluctuations occur, and these experimental data are not shown in Fig. 3 . The possible explanation for such fluctuations is that the experimental data for each incident energy were acquired over a period of 2∼3 days due to the low-intensity positron beam, and the instability of the experimental setup might result in the large fluctuations in the measured X-ray yields. Fig.3 The experimental K-shell X-ray yields by positron impact for the thick Ti target (solid circles), and the theoretical value based on DWBA model normalized to our experimental results (dotted line)
As in our previous paper [17] , based on the experimental data of the characteristic Kα X-ray yields, the K-shell ionization cross sections of Ti element are calculated by the code FTIKREG, which is a reliable implementation of the Tikhonov regularization method [25] . The relevant parameters used for the calculations are given in Table 1 . All these parameters are taken from the database of the PENELOPE code [23] . Only the characteristic X-ray yields obtained at the incident energies lower than 20 keV are used. The results are shown in Fig. 4 . It can be found that our experimental results for the K-shell ionization cross sections of Ti element by positron impact are in good agreement with the DWBA theoretical values. The main sources of error in our experimental data include those from the statistical error of the net peak counts (∼10%), the K-shell fluorescence yield (∼2%), the error originating from the mass attenuation coefficient and the mass stopping power (∼5%) [17] , the error in the numerical method from the Tikhonov regularization (∼5%) [17] , as well as the error in the detection efficiency calculations. The detection efficiencies of the Si-PIN and HPGe detectors used in our experiment are determined by the Monte Carlo simulations, whose accuracies strongly depend on the accurate knowledge of these detectors' structure. The total error plotted in Fig. 4 does not include the error due to the detection efficiency calculations. In addition, the effect from the positron annihilation with the inner-shell electrons can be neglected in the energy region of interest here [23, 26] . In conclusion, the experimental data of the K-shell ionization cross section of Ti element by positron impact in the low energy region have been measured by using the thick-target method, and these data are in good agreement with the theoretical values of the DWBA model. Further improvement of the experimental stability and the increase in the positron beam intensity are very important.
